Magnetic tunnel junctions for spin-transfer torque switching were prepared to investigate the dielectric breakdown. The breakdown occurs typically at voltages not much higher than the switching voltages, a bottleneck for the implementation of spin-transfer torque Magnetic Random Access Memory. Intact and broken tunnel junctions are characterized by transport measurements and then prepared for transmission electron microscopy and energy dispersive x-ray spectrometry by focussed ion beam. The comparison to our previous model of the electric breakdown for thicker MgO tunnel barriers reveals significant differences arising from the high current densities.
The switching of magnetic tunnel junctions (MTJs) by spin-transfer torque has gained high interest in the last years [1, 2, 3] . From a technological point of view this effect can be used for compact microwave oscillators [4] or a new type of magnetic random access memory (MRAM) [5, 6] , which does not need special writing lines above the MTJ cells.
This spin-transfer torque (STT) MRAM can be integrated at much higher densities which is essential for applications.
As high current densities are required to switch MTJs with the STT method, MTJs with a thin barrier and, therefore, low area resistance are used. Still a relatively high voltage is applied to the junction to achieve the switching currents. These are in the range of a few hundred mV compared to only a few mV needed for normal (read) operation [1] . The application of higher voltages is limited, as at some point an electrical breakdown of the barrier is observed [7] . Furthermore, this breakdown happens at lower voltages for thinner barriers [8] .
The breakdown voltage should be much higher than the switching voltage in order to optimize the stability of the junctions. The breakdown effect has been widely investigated by electrical transport measurements [8, 9, 10, 11] . While this makes an optimization with large amounts of samples more practicable it provides little information about the microscopic processes during or after a breakdown.
In this paper we present transmission electron microscopy analysis of MTJs which were stressed through a dielectric breakdown. They show a very different breakdown behavior compared to thicker barriers [12] . Here, the TMR ratio is 86% for the magnetic loop and 82% in the STT case. The current densities are −2.2×10 6 A/cm 2 switching from parallel to anti-parallel and 3.7×10 6 A/cm 2 vice versa. A few junctions were stressed through a dielectric breakdown after the measurements including the junction investigated in Figure 2 .
The left hand side of Figure 3 shows a TEM image of the junction characterized in Figure   1 arising from the different area resistances are very different. Single pinholes were reported in the case of alumina. We showed in our earlier work that multiple pinholes were found in the case of the thicker MgO [12] and explained the effect by modeling the local current distribution. Local heating resulted in a crystallization of the electrodes above the pinholes.
The pinhole distance was found to be about 50 to 100 nm. Here the structural confinement does not allow to form multiple pinholes in the element. The numerous pinholes merge and form a large break in the tunnel barrier. Furthermore drastic effects due to the increased current density of 9 × 10 7 A/cm 2 (MgO 1.1 nm MgO) as compared to 1.8 × 10 5 A/cm 2 (2.0 nm MgO) have three possible consequences: The temperature increase is large enough to either heat the element significantly above the Co-Fe-B crystallization point or even local melting.
Also, the strong local electrostatic forces at the barrier that act on the TMR stack may lead to electromigration. The e − -flux direction from the bottom to the top determines the direction of the material transport. The relative contributions of these processes to the microstructural changes can not be deduced from the present study and need further investigations.
In summary, we presented electric characterizations and TEM images with EDX scans of magnetic tunnel junctions showing current induced magnetization switching. The junctions with ultra-thin tunnel barriers were investigated before and after a dielectric breakdown.
We observed a breakdown of the tunnel barrier over several 10 nm and damage of the adjacent ferromagnetic electrodes. It can be explained by the large current density and lateral confinement in case of the spin-transfer toque devices.
